We review the hemodynamic, metabolic and cellular parameters affected during early ischemia and their changes as a function of approximate cerebral blood flow (CBF) thresholds. These parameters underlie the current practical definition of an ischemic penumbra, namely metabolically affected but still viable brain tissue. Such tissue is at risk of infarction under continuing conditions of reduced CBF, but can be rescued through timely intervention. This definition will be useful in clinical diagnosis only if imaging techniques exist that can rapidly, and with sufficient accuracy, visualize the existence of a mismatch between such a metabolically affected area and regions that have suffered cell depolarization. Unfortunately, clinical data show that defining the outer boundary of the penumbra based solely on perfusion-related thresholds may not be sufficiently accurate. Also, thresholds for CBF and cerebral blood volume (CBV) differ for white and gray matter and evolve with time for both inner and outer penumbral boundaries. As such, practical penumbral imaging would involve parameters in which the physiology is immediately displayed in a manner independent of baseline CBF or CBF threshold, namely pH, oxygen extraction fraction (OEF), diffusion constant and mean transit time (MTT). Suitable imaging technologies will need to meet this requirement in a 10-20 min exam.
The treatment of acute ischemic stroke has historically been performed with incomplete image guidance. Although non-contrast computed tomography (CT) is commonly used to exclude hemorrhagic stroke prior to administering intravenous tissue plasminogen activator (tPA) and has some potential to visualize irreversibly damaged tissue during early ischemia (hypodensity and loss of gray/white matter contrast characterized by the Alberta Stroke Program Early CT score (ASPECTS) 1 ), it is currently not providing any immediate information regarding changes in physiological tissue status related to pH, metabolism, and acute cell depolarization. While such a ''blind'' approach has been partially successful due to a heavy reliance on speed of treatment, 2 the focus on delivering tPA ever more quickly is a strategy of diminishing returns. While the mantra ''time is brain'' may be an important rallying cry for those developing systems for delivery of care, it is an oversimplification that has the potential to obscure our understanding of the pathophysiology we aim to treat. Most patients presenting with acute stroke are ineligible for treatment when triaged using the timebased model. For instance, in the US less than 10% of stroke patients presenting to the hospital are treated with IV tPA. 3 The majority of patients who go untreated are not offered acute therapy because they do not fit into this time-based model. 4 Endovascular therapy has greatly improved the efficacy of intravenous tPA for patients with a large vessel occlusion. [5] [6] [7] [8] Unfortunately, currently even fewer stroke patients are candidates for the combined treatment, e.g. 1% of screened patients in a recent clinical trial, 7 also in part due to this being a time-based therapy. 9 Still, this number will increase in the next decade and these are the 1% most severe stroke patients (occluded middle cerebral artery). Approximately 800,000 people suffer a stroke in the US yearly. 10 Thus, there is a large population of stroke patients who are not being evaluated for treatment due to the widely used time-based model for selecting patients for therapy. It will always be crucial for acute stroke interventions to be delivered rapidly and it has been clearly demonstrated that advanced imaging is generally not needed to treat patients who present in an early time window. However, for patients that are excluded from treatment due to time restrictions or in which treatment application is indicated but uncertain due to lack of knowledge regarding tissue already progressing to infarction, there is an opportunity for advanced physiologic imaging to expand the treatable population. The number of additional patients that may benefit from such physiologic imaging is currently unknown and has to be evaluated in future trials. Advanced imaging may also be useful to evaluate the success of treatment in terms of physiological recovery and for assessing the effect of neuroprotective approaches.
MRI and PET studies (for some reviews with references, see literature [11] [12] [13] [14] [15] [16] [17] ) have demonstrated the presence of viable tissue in stroke patients at time points as far out as 24 h post-onset of symptoms, and spuriously even up to 48 h. In addition, the results of the MR WITNESS trial, which were recently presented at the 2016 International Stroke Conference in Los Angeles, suggested that MRI could be used to safely administer tPA to patients who had an unknown time of onset. Clearly, there is a great opportunity for improving stroke outcomes if imaging methodologies are available that can, in a timely fashion, evaluate the physiological and hemodynamic status of the tissue allowing a more educated decision regarding treatment. From a practical point of view, this would require four key points: (i) exclusion of hemorrhage, (ii) assessment of patency of the main perfusing arteries, (iii) differentiation of viable tissue at risk of progressing to infarction from tissue that is destined for infarction, and (iv) identification of tissue that is already infarcted. While the first two goals can be achieved readily with CT, or MRI, the third requirement is more complicated. Fortunately, decades of basic research have elucidated the dependent nature of tissue metabolism on cerebral blood flow (CBF) thresholds and established great insight into the parameters needed to make such an assessment of tissue viability. While not the objective of this review, it is important to point out that identification of infarcted tissue has potential for risk assessment for treatment complications such as hemorrhagic transformation. 18, 19 Thus, combining physiologic imaging with markers of complication risk may ultimately be the best approach for patient selection.
The current scientific philosophy for assessment of tissue viability (point (iii)) is to use the existence of an evolving ischemic penumbra as the criterion for possible reperfusion treatment. This concept originates from baboon studies in which manipulation of the CBF was used to identify thresholds of cerebral ischemia. 20 The penumbra was originally described in terms of a brain region of cerebral dysfunction due to electrical failure 20, 21 but with cellular energy sufficient to maintain a cell membrane potential. However, it has become generalized to describe regions affected by ischemia that are at risk of infarction, but reversible with timely restoration of CBF. [22] [23] [24] Modern imaging methods can identify such a penumbra by measuring multiple physiological parameters that change during ischemia with changing CBF. Therefore, before discussing the ''most suitable'' penumbra and deliberating which imaging parameter may best describe this penumbra, it is first necessary to summarize the dependence of tissue metabolism on CBF thresholds and review which imaging technologies can assess the physiologic evolution of ischemic tissue in a way that is accurate and, more importantly, quick and comprehensive.
Ischemic thresholds and the physiological evolution of hypoperfused tissue The CBF values are based on PET studies in humans (see earlier works 12, 16, 25 and references therein) assuming a normal gray matter CBF of 50 ml/100 g/min and keeping in mind that these thresholds may differ between species 12, 23, 26 as well as between tissues with different metabolic demands, such as gray and white matter. Additionally, different imaging technologies may yield different CBF numbers, e.g. while MRI values may tend to be high because of partial volume effects with arteries being more important than with white matter, PET may yield lower values due to partial volume effects with white matter. A more general approach would therefore be to show percentage of baseline flow, which has been added to this graph too (%threshold ¼ 100% Â PETCBF/50).
Furthermore, these thresholds should be considered as lower boundary as they will evolve over time 27 and may also have a rate of change that varies between individuals. As such, it is important to recognize that imaging provides only a single time-constrained view and that treatment decisions and consequent actions should be taken as soon as possible thereafter. Additionally, due to the inherent Figure 1 . Relationships between CBF thresholds (human) and neurological, hemodynamic, metabolic, and cellular parameter changes. Thresholds are approximate, assuming PET-based normal gray matter CBF of about 50 ml/100 g/min, and may shift to higher CBF with longer ischemic duration. Curve can be adjusted proportionally for baseline CBF from other methods, such as MRI and CT. Curve heights are relative to baseline on the left. The blue extended area at constant CBF of 50 ml/100 g/min is needed to depict the area of autoregulation during initial vessel blockage and reduction in cerebral perfusion pressure where CBV increases and flow remains constant. Metabolic penumbra in yellow shade. At the bottom, zones of perfusion-DWI and pH-DWI mismatch are shown, with the difference being benign oligemia. Color coding for these zones will be used in Figure 3 . 
This leads to an increase in arterial þ arteriolar cerebral blood volume (CBV a ) and total CBV. The constant flow and increased volume are reflected in an early increase in the mean transit time (MTT) retrieved using the central volume theorem 31 
MTT ¼ CBV=CBF ð2Þ
If the blockage remains and the compensatory vasodilation is insufficient, CBF will ultimately decrease, leading to a cascade of molecular events and selective neuronal loss, 32 the extent of which depend on the level of the residual flow. The first requirement is to maintain the cerebral metabolic rate of oxygen (CMRO 2 ), which can be accomplished temporarily by increasing the oxygen extraction fraction (OEF) from blood. This parameter can be calculated from the ratio of oxygen consumption and delivery
where C a is the oxygen content, the product of the arterial oxygenation fraction (Y a ¼
S aO2
100 % ) and hemoglobin concentration, which is proportional to the hematocrit fraction (Hct). Oligemia can be defined to cover regions where the flow reduction is balanced by increased oxygen extraction from the blood to maintain CMRO 2 . Interestingly, when the flow keeps dropping further to about 40-45% of baseline, 33 the cerebral metabolic rate of glucose (CMRGlc) first increases. Two explanations have been put forward for this, 33 the first being the occurrence of spreading depression like depolarizations (which would also increase CMRO 2 ), the second is that there is an increase in anaerobic metabolism to maintain ATP levels. To indicate these phenomena in Figure 1 , we show an increase in both CMRO 2 and lactate for this flow range, together with a pH drop, but ultimately it may be that only one of the two mechanisms applies. The occurrence of spreading depression would lead to release of glutamate, and the fact that glutamate antagonists are protective gives some support to this interpretation. However, the two phenomena are not mutually exclusive and probably occur together.
Once CBF levels drop further to the threshold at which maximal oxygen extraction is reached, subsequent decreases in CBF force upon the brain tissue a proportional reduction in oxygen consumption, concomitant with a further increase in lactate and reduction in pH. Below this CBF threshold of about 35-40% of baseline, loss of tissue function occurs that can be detected as incapacitation of electrical activity. A continued decrease in CBF results in more severe hypoxia and a further increase in in lactate and lowering of pH. In addition, phosphocreatine (PCr) levels start to drop. [34] [35] [36] Eventually, at a threshold of about 20-24% of baseline, glucose utilization and ATP levels drop rapidly leading to a massive release of intracellular potassium and anoxic membrane depolarization with intracellular accumulation of Na þ and water (cytotoxic edema). 37 Without timely revascularization (either spontaneous or with treatment), this situation leads to vessel collapse, a consequent reduction of CBV to zero, and ultimately to irreversible tissue damage. In Figure 2 , an in vivo illustration of the events displayed in Figure 1 is given for 4-vessel occlusion in the rat brain, showing reversibility for PCr, lactate, pH and OEF (BOLD effect, explained below) in case of timely reperfusion, while ATP and some of the field potentials do not totally recover. 38 The important fundamental studies above led to the two threshold model of cerebral ischemia in which reduction in CBF up to a first threshold of EEG amplitude reduction represented oligemia, while reduction up to a second threshold yielded reversible cerebral dysfunction, beyond which there is loss of structural integrity and irreversible infarction. 39 The spatial pattern of these regions in the setting of a large artery occlusion, in which the region of reversible ischemia surrounds the region of irreversible infarct, led to the designation of the ischemic penumbra. 21 Thus, penumbra was initially defined as the region with electrical failure (neuronal dysfunction) but not cellular energy failure (structural loss), indicated as ''classical penumbra'' in Figure 1 . While subsequent studies looking at the molecular changes associated with cerebral ischemia have found this model to be an oversimplification, 23 it became the clinical model guiding stroke management. Over time, it was recognized that the penumbra pattern was time dependent. 40, 41 This shifted the description of penumbra from a region of a certain type of tissue dysfunction to the more practical one of potential tissue salvage. The penumbra came to be defined as tissue that was doomed to infarction in the absence of early reperfusion. The idea that the ischemic penumbra is the target of reperfusion therapies has been the driving force behind acute stroke research ever since. In addition, the necessity to properly assess the presence of a penumbra has stimulated the development of imaging approaches to display such tissue at risk.
Visualizing a penumbra
Current imaging technologies that can visualize some of the parameters in Figure 1 are summarized in Table 1 . The goal of this review, however, is not to provide an in-depth explanation or review of such technologies, but to, based on considerations of physiological relevance ( Figure 1 ) and practicality in the clinic, analyze current and potential approaches to identify a future strategy for a fast clinical scan that captures just the information needed to address points (i) -(iv) summarized above. In this respect, when reading the literature, 16, 17, 23, 25 a consensus is clear that the most practical penumbral outer boundary for making decisions would be one that identifies the regions of hypoxia for which early changes in glucose metabolism have shifted from aerobic to anaerobic resulting in a concomitant increase in lactate with a reduction in pH.
The inner boundary would occur at the point of irreversible cell depolarization. In his early review in 1994, Hossmann 23 states: ''Consequently, the penumbra can be imaged by subtracting the ATP lesion from the pH lesion.'' We believe that imaging a penumbra based on this practical definition that excludes benign oligemia is the most relevant goal and adopt this definition whenever referring to a penumbra in the discussion below.
Further requirements for imaging parameters in terms of fast clinical decisions relate to the practicality of such an exam. First of all, to include as many hospitals as possible, standard readily accessible equipment should be used. Unfortunately, this almost always rules out PET and SPECT and leaves CT and MRI for default use. However, even MRI is often hard to access in a timely manner, despite being commonly available in modern hospitals. Furthermore, advanced MR approaches using heteronuclei are most often not available and even MR spectroscopy (MRS) will be too time consuming. We therefore, in Table 1 , highlighted in bold letters only those approaches that are proton ( 1 H) imaging based. If our goal is to have a 10-20 min exam with immediate multi-dimensional (3D or multislice whole brain) results regarding tissue physiology, it would be most useful to have straightforward images that provide the required information for both gray matter and white matter. As such, the use of quantitative CBF thresholds seems cumbersome for the clinician in view of the existence of differences in flow thresholds between these tissues, particularly given the time dependence of the physiological processes. Examples of such tissue and time independent methods could be imaging of hypoxic markers, methods to image lactate and pH for visualizing the consequences of anaerobic metabolism, and parameters such as MTT and OEF, where the difference between gray and white matter is removed due to division of proportional quantities, i.e. CBV and CBF in MTT (equation (2)) and CMRO 2 and CBF in OEF (equation (3)). Just as an illustration, while gray matter has been found to be at risk around CBF 20 ml/100 g/min, this is 12.3 ml/100 g/min for white matter. 42, 43 However, the MTT threshold has been found to be the same at 6.8 and 7.1 s. 42, 43 While ischemia removes the physiological coupling between CBV, CBF, and CMRO 2 , for OEF and MTT, the contrast between gray and white matter in the normal tissue is absent, thus changes can be more easily visualized. Another parameter that is comparable in magnitude between gray and white matter is the trace of the diffusion tensor, 44, 45 better known as the mean diffusivity, average apparent diffusion constant (ADC ave ) or isotropic ADC. Reductions in this parameter during spreading depression 46 and (much larger) after cell depolarization 47 can be accessed with isotropic diffusion weighted imaging (DWI). Finally, it always has to be realized that the inner and outer boundaries of the penumbra evolve and each imaging is just a representation of tissue physiology at a particular point in time. 40 The inner boundary of the ischemic penumbra
The depiction of an area of irreversible tissue damage that is infarcted or will proceed to infarction is crucial in the concept of penumbral imaging. While infarcted tissue (point (iv) above) is easy to detect with MRI through T 2 -hyperintensity in T 2 -weighted or FLAIR images, T 2 is generally unchanged in early ischemia or even slightly reduced during hypoxia/ischemia (the inverse of the BOLD effect in functional MRI). 48, 49 Availability of a method to detect the extent of irreversible neuronal damage in the acute phase is crucial to avoid unnecessary and potentially dangerous treatment using tPA. A suitable PET marker for neuronal integrity is 11 C-flumazenil (FMZ), 50 for which reduction in its binding below a certain threshold is a good indicator of damage. With respect to MRI, two decades of human research has indicated that hyperintense regions on diffusion weighted imaging (DWI) are mostly a marker of tissue destined to infarction. However, the DWI lesion is not totally accurate for such a prediction and it is now well realized that it can be reversible with reperfusion. [51] [52] [53] [54] [55] [56] Of course, this is not surprising in view of the results from early animal studies, from which it was initially thought that DWI showed the outer penumbral edge. 27, 57 Historically, Moseley et al. 58 discovered in cats that hyperintensity on DWI, corresponding to a reduction in ADC, could identify acutely ischemic tissue, a breakthrough finding that was quickly replicated in humans. 59 Early work utilized directional diffusion weighting, which led to confusion regarding infarct progression. It was soon determined that trace-based DWI, which has minimal dependence on the underlying structure of the tissue, could more clearly delineate ischemic regions due to lack of contrast between gray and white matter. Trace DWI also allowed reproducible calculation of an absolute apparent diffusion coefficient (ADC) 44, 45 which would later play an important role in establishing relevant thresholds. 60 Although directional DWI is commonly used for diffusion tensor imaging, ''trace DWI,'' also called ''isotropic DWI,'' is now the standard clinical tool for assessing acute stroke. Restriction of water movement detected with DWI was determined to represent a shift of water intracellularly due to failure of ATPase dependent ion pumps (Figure 1) . 61 These changes were found to be rapidly reversible in the setting of reperfusion, 62, 63 and the more recent human results are just a clinical confirmation of this. The reversal of DWI lesions in patients may be in part transient, and some investigators have reported there is no corresponding benefit. 64, 65 However, others have reported transient lesion reversal may reflect clinical improvement. 51, 52 The NIH stroke team, which routinely performs MRI before, and two hours after treatment of acute stroke patients enrolled in the NIH Natural History of Stroke study, regularly identifies reversal of DWI lesions. In a series of 58 stroke patients seen by the NIH stroke team, a decrease in stroke volume, based on an apparent diffusion coefficient threshold of 600, was seen in 57% of patients 2 h after treatment. A decrease in stroke volume was associated with significant improvement in NIHSS 24 h after the stroke (p ¼ 0.03) even though 80% of the patients had recurrence of the lesions with median growth of 38%. These types of observations, which are in agreement with previous studies, call into question the role of DWI in delineating the ischemic penumbra. These findings are, however, consistent with our understanding of the evolution of the physiologically active ischemic penumbra described previously.
The outer boundary of the ischemic penumbra
The existence of a penumbra in humans was first identified with PET using 15 O 2 inhalation (which can also be combined with H 2
15
O injection to achieve steady state). 22, 66 This methodology utilized combined measures of OEF and CBF to determine CMRO 2 and was able to identify areas of misery perfusion (reduced CBF, increased OEF) and persistent CMRO 2 . Looking at Figure 1 , this PET-based definition 12 would include benign oligemia with all levels of hypoxia and be less accurate in predicting a region immediately at risk. However, the reported gray matter CBF thresholds ($20 ml/100 g/min) from the latter paper typically correspond to regions of severe hypoxia or may indicate that the sensitivity of PET toward detecting changes in OEF is close to this level of hypoxia.
Later work by Guadagno et al. 67 confirms that a proper definition of a penumbra for assessment of risk is one with an outer rim encompassing regions of hypoxia. Heiss 16 indicates that ''a biochemical marker of core plus penumbra is tissue acidosis.'' Thus, good targets for visualizing the outer rim are parameters reflecting tissue hypoxia or anaerobic metabolism (lactate and pH) or certain OEF and MTT thresholds that would correspond to areas of tissue hypoxia or acidosis. We briefly discuss the possibility to image perfusion and tissue hypoxia and acidosis using PET, CT and MRI.
Outer-boundary-perfusion-based
Since the penumbral concept is based on CBF thresholds, it is useful for stroke exams to include perfusion measures to get insight into the existence of viable lowflow regions. Perfusion imaging can be done fast and reliably using dynamic perfusion CT (PCT) 68 and dynamic susceptibility contrast (DSC) MRI. [69] [70] [71] [72] [73] Both methods are similar in that a tracer is injected (Table 1 ) and regional differences in delivery can be visualized. While many patient assessments only depict the presence of a perfusion deficit, more quantitative information can also be obtained. Using the arterial input function (AIF) from a suitable artery to deconvolve the tissue concentration time curve, the tissue ''residue function,'' describing the retention of a tracer in the tissue, can be determined and subsequently be used to estimate CBF. In addition, CBV can be obtained by taking the integral of the tissue concentration time curve and normalizing it to the integral of the arterial input function. More importantly, these measures can be used to calculate the MTT 74 (equation (2)), which is less tissue (gray/white matter) dependent and can be used to identify ischemic tissue on a homogeneous looking image. 68, 71, 75 Over the past two decades, assessment of the ischemic penumbra with MRI has used DSC-based perfusion-weighted imaging (PWI) to identify its outer edge 76 and DWI to identify its inner edge. Although this DWI-PWI mismatch has become a widely-used biomarker for estimating the ischemic penumbra, its validity has been controversial. We saw above that the DWI lesion does not always signify irreversible infarct, but, more relevant, the concept that the PWI lesion represents tissue at risk is often flawed. The term benign oligemia was put forth to describe regions of decreased blood flow that do not progress to infarction and their inclusion within the PWI-DWI mismatch was thought to be a confounding factor in several early trials. 77, 78 To improve this situation, real time onscanner post-processing to quantify CBV, CBF and MTT has been proposed; 79, 80 however, this is difficult to do accurately, 81, 82 introduces additional variability, 83, 84 and has a performance that is not better than with simpler methods. 85 The time to maximum of the peak of the residue function (Tmax) was subsequently used as a PWI parameter in acute stroke. 86 While Tmax, at a threshold of >6 seconds, has shown to be an improved measure of the penumbra in clinical trials, 65, 77, 78, 87 it is not routinely generated by clinical scanners or off-line software packages and, alternatively, the measure of time to peak (TTP) of the tissue concentration time curve is commonly used in practice as a replacement. However, TTP is not based on the residue function and cannot be used reliably as a replacement for Tmax. These two parameters also need not be linearly proportional, and the use of different thresholds and injudicious substitution between these parameters can be confusing for the clinical team that needs to make a timely decision. More recently, different on and offscanner processing software packages that automatically generates Tmax maps have become commercially available. This adds to the difficulty comparing between sites and a consensus is needed to standardize measures. The approach used to address this issue for the multicenter clinical trial DEFUSE 3 is to use a single vendor across all sites. The downside of this approach is that it ties the results of the trial to a commercial entity.
In clinical practice, when trying to image the ischemic penumbra, PCT is often substituted for MRI. While initially limited to partial brain coverage, which is no longer an issue with newer scanners, it also has the great conveniences of speed and universal access. For PCT, DWI is not available and the inner threshold was originally approximated with a CBV cutoff value, 88 and subsequently with a CBF threshold, 89 but more recently with a dual MTT-CBF based cutoff. 90 Studies have shown a reasonable match between PCT and DSC-PWI penumbral volumes 91 and sometimes, when using the same off-line processing software, even Tmax. 92 However, such an agreement can also often be achieved by judicious choice of thresholds within one laboratory. Unfortunately, different CT companies often have their own PCT software that can lead to substantial variability in the resulting CBF, CBV and MTT numbers, and thus the corresponding threshold based penumbra. 90, 93 This lack of standardization will greatly hamper multi-site trials and the comparison with MRI. Another issue, similar for both quantitative PCT and PWI, is that the calculated parameters and resulting thresholds depend on the suitability of the AIF, which often is chosen in the contralateral hemisphere and thus not a true reflection of the actual AIF which should in principle be judged ipsilaterally. For instance, on many images in the clinic, MTT appears as very long in areas already infarcted, where CBV blood vessels are most likely collapsed and CBV expected to be zero. Thus, care has to be taken with its interpretation, which is why we stopped the graph for MTT right after the depolarization threshold in Figure 1 . Even if all hospitals would use a similar AIF approach and the same post-processing software, it would be hard to reach agreement about thresholds as partial volume effects will differ and affect the numbers measured. Therefore, the use of quantitative dynamic perfusion parameters is ultimately too complex and difficult to standardize between hospitals. Additionally, the penumbra is always evolving and the time of imaging post-onset or the severity of the occlusion may vary greatly, which makes thresholds of flow and volume and even MTT less meaningful in terms of molecular consequences.
Outer-boundary-oxygenation-based
HYPOXIA-USING-PET
More recent PET methodologies have been able to identify what originally was thought to be a predominantly hypoxic penumbra using the freely diffusible tracer 18 Ffluoromisonidazole ( 18 FMISO). [94] [95] [96] [97] Experimental studies in animals initially indicated that FMISO specifically detects severely hypoxic tissue that is still viable, but not benign oligemia nor the ischemic core. (Takasawa et al. 98 and references therein). In addition, data were comparable but not equivalent for gray and white matter. When using 18 FMISO in humans, large regions of hypoxic tissue surrounding the ischemic core could be found as long as 48 h after symptom onset, 99 a large part of which reverted spontaneously back to normal. Such data indicate that the penumbra outlined this way may be an overestimate. Another limitation of this tracer is its slow kinetics, requiring about a 2-h wait before scanning after infusion. Thus, although PET imaging has many useful tracers for stroke which have been crucial in defining quantitative ischemic thresholds in humans 12, 100 and for understanding the concept of an ischemic penumbra, its current clinical utility in acute stroke is unfortunately minimal due to the lack of availability and feasibility for performing a fast scan.
OEF-USING-MRI
Several attempts are being made to develop more direct MRI measures of cellular status such as OEF (and CMRO 2 calculated from OEF) and pH, reflecting continuing cellular activity and the physiological consequence of anaerobic metabolism, respectively. Actually, it is often not realized that OEF is a parameter studied frequently by MRI, as changes in OEF are the main cause underlying the BOLD effect, where a local increase in CBF decreases OEF. This is reflected in an increase in capillary and venous oxygenation fraction (Y v ¼
S vO2
100 % ) and an increase in the relaxation times T 2 and T 2 *. For an arterial blockage, the situation is opposite (OEF increases and Y v reduces) and even the arterial oxygenation fraction (Y a ) reduces post-blockage, causing a larger increase in OEF (equation (3)). The rates 1/T 2 and 1/T 2 * of blood are inversely related to the deoxygenation fraction (1-Y) in a vessel. For the venous oxygenation fraction in the case of hypoxia, it has been derived that:
Thus, a decrease in Y a and increase in OEF (proportionally larger than the decrease in Y a ) will decrease the venous oxygenation and lower T 2 and T 2 *. Measurement of these relaxation times in the veins can be used to determine OEF. [101] [102] [103] [104] These changes in oxygenation affect the magnetic susceptibility in and around the vessels and such a decrease in oxygenation will darken absolute T 2 and T 2 * images. Note that this is the effect used to image hemorrhage with MRI. Similarly, susceptibility-weighted imaging (SWI) can display these changes and quantitative susceptibility mapping (QSM) can also be used to determine vessel oxygenation related to these changes and thus OEF. [105] [106] [107] [108] [109] If CBF is determined in addition, T 2 , T 2 * or susceptibility data can also be used to estimate CMRO 2 by using equation (3) and the oxygen content. However, these parameter determinations are for large draining vessels, which is fine for whole-brain studies but not for stroke, where physiological changes are local. An and Lin [110] [111] [112] showed that the extravascular effects of changes in blood oxygenation can be used for more local OEF and oxygen metabolism estimates, using the BOLD theory of Yablonskiy and Haacke. 113 For metabolism, they used the product of OEF and CBF to derive the parameter MR_COMI (cerebral oxygen metabolic index) 112 or MR_OMI. 114 The BOLD theory requires knowledge of the venous CBV, which can be estimated from DSC-MRI. However, determining local OEF and oxygen metabolism is still complicated in the case of ischemic stroke, because the AIF used to quantify CBV and CBF from DSC-MRI is generally not taken from the blocked artery (post-clot) but a close by or contralateral artery. However, these parameters, while not fully quantitative in the case of very acute stroke, may still be very useful to display the area at risk of progression to infarction and recently some promising examples of this could be demonstrated for the parameter MR_OMI. 114 However, the OEF and thus the MR_COMI may overestimate this region, similar to CBF (Figure 1) . It then becomes a matter of appropriate thresholding to estimate the penumbra within the total zone. Finally, when the stroke progresses, the relaxation times increase due to edema, so the interpretation of T 2 and T 2 * for the purpose of determining OEF will become more difficult.
PH-USING-MRI
Due to the potential for clearly outlining areas of anaerobic metabolism, and thus the ischemic penumbra, there has been great interest in developing a pH-weighted or lactate imaging MR pulse sequence. While MRS has had the capability of quantifying pH using the phosphorus ( 31 P) nucleus, 35 this approach is not practical for acute stroke clinics due to poor sensitivity and limited availability. Lactate visualization using so-called spectroscopic imaging has been demonstrated, 115 but again not currently very practical in view of limited brain coverage and lengthy setup and acquisition times (at least 20 min). Another study showed that the effect of pH could be measured on the signal intensity of the exchangeable amide protons of cellular proteins and peptides in the proton spectrum. 116 Since the exchange rate of such protons is pH-dependent, 117 measurement of this exchange would enable pH imaging. However, similar to lactate, amide proton MRS is limited by poor special resolution and long acquisition times. Fortunately, the advent of a technique called chemical exchange saturation transfer (CEST) imaging 118, 119 has made it possible to detect low-concentration exchangeable protons indirectly through their exchange interaction with the water protons, resulting in greatly enhanced sensitivity (two or more orders of magnitude). This has given rise to the endogenous mobile protein and peptide-based technique named amide proton transfer weighted (APTw) MRI, 120 which is a safe, completely non-invasive technology using standard proton MRI equipment and thus readily translatable to the clinic.
The possibility of imaging pH with APT MRI was first demonstrated in a global ischemic model and in a permanent middle cerebral artery occlusion (MCAO) model in the rat brain. 120 Notably, in this study, the change in amide proton transfer ratio (APTR) as a function of tissue pH was calibrated, using 31 P spectroscopy for pH assessment, and an absolute pH map was then generated. Following this initial study, the capability of using the APT approach to detect a separate pH-based acidosis penumbra was further investigated. 121, 122 Adult rats with permanent MCAO were imaged using multi-parametric MRI over the first 3.5 h post-occlusion. The endpoint was to visualize the stroke area defined by T 2 hyperintensity at 24 h. The images as a function of time post-occlusion in Figure 3 (a) illustrate an example for one rat with limited occlusion, but still showing a clear perfusion deficit in which no diffusion lesion is visible in the ADC images even up to 3.5 h post-occlusion. Similarly, there is minimal contrast or contrast evolution on T 1 and T 2 images in this early period, but the observant viewer can see a T 2 reduction in the ipsilateral hemisphere, most likely corresponding to a BOLD effect due to increase in OEF as discussed above. A clear pH deficit is visible on all of the pH-weighted images. The follow-up scan at 24 h shows that ischemic evolution is still ongoing with an infarct outlined by T 2 and T 1 hyperintensity and clear changes in ADC. For the group of 18 rats, this study showed that the pH deficit correctly predicted the infarction, while the ADC region did not. This is summarized in the graph in Figure 3(b) , where the vertical scale is area as percent of the CBF deficit, showing that the perfusion deficit overestimates the final lesion, while the ADC deficit underestimates it, in line with the principles of the penumbra outlined above. This principle is outlined schematically in Figure 3 (c) and shown in Figure 3 (d) for data analyzed on two more rats (color maps corresponding to Figure 3 (c) code), where the pH area predicted the final infarct at 24 h. These data suggest that the hypoperfused area, showing a decrease in pH without an ADC abnormality, corresponds to the ischemic acidosis penumbra, while the hypoperfused region at normal pH corresponds to benign oligemia.
For APT-based pH imaging to take a place in the armory of acute stroke techniques, more studies are needed on validating the technology (e.g. using histology [123] [124] [125] ). The use of histology to define a penumbra is difficult in the practical definition of outlining the outer boundary of a region at risk evolving to infarction, because performing pH histology would require killing of the animal without changing the physiology. While this can be approximated by rapid freezing, this may change the structural features and relative sizes of brain structures. In addition, cutting of the slices and coregistration and comparison with the much thicker brain slices remains a difficult issue. Furthermore, histological study of the temporal evolution of ischemia would require the use of many animals, for which the evolution may be different due to slight differences in individual physiology and experimental procedures. Most investigators therefore have used more indirect evaluations, such as the ultimate area of infarction as outlined by T 2 w MRI, 121 which itself has been validated by staining. However, it ultimately is important to demonstrate that pH imaging outlines the correct area of pH change, for which histology should be used. In addition to validation, there is a need for studies assessing the appropriateness of using APT-based pH imaging for assessing pH evolution, e.g. following reperfusion or other types of treatment.
The implementation of this pH sensitive MRI technology on clinical scanners has been slow, mainly due to the small size of the APT effect and scanner hardware constraints. However, several groups have recently published initial clinical data suggesting that APT imaging is feasible for stroke patients and may provide extra information, by virtue of pH changes, about the infarct in ischemic strokes. 126, 127 Very recently, Heo et al. (unpublished results in Figure 4) showed that the magnetization-transfer-asymmetry analysis approach commonly used is self-compensating in terms of subtracting pH effects and that focusing on just the signal change at the amide proton resonance can clearly outline pH deficits. Figure 4 shows some data from this recent work, which should make this approach more applicable in the clinic.
Considerations for a practical clinical acute stroke exam with detection of viable tissue at risk
As mentioned above, the main requirements for an optimum acute clinical stroke exam are speed (time is brain) and general availability of equipment with the ability to visualize hemorrhage, large vessel patency, the penumbra, and areas already infarcted or destined for infarction. This basically leaves CT and, to a lesser extent, MRI as the default methodologies, but future advances, such as PET-MRI potentially becoming commonly available may expand this. While CT beyond a Figure 3 . Multi-parameter MRI as a function of time after permanent MCA occlusion in rat. (a) Images of rat in which no T1, T2, and ADC changes were seen, but ischemia was confirmed by hemispheric CBF reduction (obtained using arterial spin labeling) as well as a pH-weighted deficit. Hyperintensity in the T2 image at 24 h gives the final infarction area. (b) Group analysis of ischemic volume evolution for 18 rats with perfusion/diffusion mismatch, comparing areas of pH change and diffusion change as fraction of the perfusion deficit region. The pHw region predicted well the evolution to infarction. (c) Parcellation of ischemic area in terms of three zones, a DWI deficit most likely proceeding to infarction, a pH/DWI mismatch region at risk of infarction and a PWI/pH mismatch not at risk. doubt is fastest, it has the disadvantages of limited physiologic information and radiation exposure. On the other hand, while MRI scanners are more often being placed in close proximity to the emergency room, an MRI exam takes longer to set up (magnetic screening requirement) and care has to be taken with use of ferromagnetic materials (e.g. oxygen bottles). With respect to the appropriate physiological imaging parameters to be used for fast and easy image analysis in the clinic, a high priority is that they should preferably be the same, or very similar, in white matter and gray matter, which points to MTT, OEF, lactate, pH, PCr, ATP, and ADC (DWI). FLAIR images (T 2 hyperintensity based) can clearly outline ultimately infarcted tissue on both white and gray matter, but cannot distinguish old from new injuries, which can be accomplished with the FLAIR/DWI combination. At the moment, there are no proton MRI imaging modalities for ATP and PCr, although the latter is in principle possible with CEST MRI. 128 Lactate imaging can be done with spectroscopy (spectroscopic imaging) and may become faster in the future, but is currently to slow for whole-brain assessment. So this leaves MTT, OEF, pH and ADC. Of these, MTT and OEF are not specific for assigning a penumbra (Figure 1 ) as these parameters already change for flows corresponding to benign oligemia. So appropriate thresholds will have to be used. For MTT and Tmax or TTP, many manufacturers have their own software and numbers differ substantially between sites, complicating the standardization of thresholds. Also, the inner boundary of the CT penumbra is generally based on MTT combined with CBV or CBF, again bringing in the gray matter versus white matter issue. As such, it appears that MRI is theoretically most suitable, with pH imaging for the outer rim of the penumbra and ADC (DWI) imaging as the approximate inner rim as the most appropriate surrogate marker candidates. A good example of this potential is shown in the middle cerebral artery occlusion (MCAO) experiments on rats in Figure 3 121 and potential for application in humans is illustrated in Figure 4 .
While the purpose for developing advanced MRI sequences has been to guide reperfusion therapies, it is entirely possible that such a methodology could be informative about other aspects of acute and chronic cerebrovascular disease. Identifying metabolically active tissue could help evaluate the success of reperfusion treatment and guide neuroprotective interventions or rehabilitation strategies. They are also expected to be very useful for drug development studies in the preclinical setting as well as the following trials. Finally, advanced physiologic imaging has potential value for studying cerebral ischemic evolution, both acute and chronic (e.g. for partial carotid occlusion or sickle cell disease) and maybe even for vascular dementia.
Conclusions
This review has traversed our understanding of the ischemic penumbra from its inception in animal models to its realization in human stroke. Clinically, visualization of the ischemic penumbra, while not currently employed in standard practice, holds the greatest potential for expanding our acute treatment options for this devastating disease. While rapid evaluation will always be integral to stroke care and non-contrast, CT/CTA is the currently accepted practice, imaging the ischemic penumbra offers the potential to treat patients who cannot be managed with time metrics alone. There remains a vital need for a concise imaging modality that can provide all of the necessary information to make informed clinical decisions. The ischemic penumbra evolves at the molecular level through a dynamic interaction between the available cerebral blood flow, the metabolic state of the tissue, and the duration of ischemia. Many methods of visualizing the ischemic penumbra have been employed, each with their distinct advantages and disadvantages. In the end, in the setting of acute stroke where time is of the essence, it is most important to have images that are easy to digest by the clinician to allow fast decision making. Images displaying parameters that differ between gray and white matter or for which thresholds change with the evolution of the stroke (CBF, CBV, CMRO2) are not as practical as those for which the physiology is immediately displayed (OEF, pH, DWI, MTT). While CT is fastest, MRI is unique in that it bridges the divide between accuracy and availability. It has already been demonstrated that MRI can be used to rapidly triage acute stroke patients for treatment. 72 The American Heart Association (AHA) recommends that imaging occurs within 25 min of arrival, and that interpretation of imaging occurs within 45 min of arrival. 129 This leaves a 20-min window to acquire and interpret the images. A suitable imaging exam will need to meet this requirement. Based on current evidence, we conclude that a simple exam including pH imaging and DWI for the penumbra, MTT for perfusion analysis, MRA for vessel patency, and T2*/SWI for hemorrhage should be achievable in the near future in about 10-15 min. Future trials including such a comprehensive fast MRI exam are needed to assess the potential benefit for these advanced imaging methods for patients that can currently not be treated, for assessing the effects of treatment, and for assessing the effect of neuroprotective strategies.
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